Al-Mg-Cu-Mn alloys have been developed for the packaging industry, in which large cold working deformations are normally applied that can produce high dislocation densities. In this study, we present a simplified model for the yield strength contributions and apply that to obtain the dislocation densities by determining the orientation factors, which can be obtained via the crystal information of electron backscatter diffraction (EBSD). One alloy subjected to three cold rolling reductions (10%, 40% and 90%) has been analysed by EBSD, and the density of dislocations are estimated using the strengthening model. This assessment suggests dislocation densities by Taylor model are roughly consistent but slightly lower than those determined by transmission electron microscopy.
around 0.25mm in thickness and then electro-polished using a solution of HNO 3 and methanol (1:3 in volume). TEM foils were examined using a JEOL 3010 microscope operating at 300kV.
The strength model
In polycrystalline materials several hardening mechanisms are present, the five relevant for Al alloys are listed in Table 1 (Hornbogen & Starke, 1993) . As the obstacle strengths responsible for dislocation strengthening and precipitation strengthening are of a similar magnitude, a non-linear superposition rule should be applied (Brown et al., 1971; Starink and Wang, 2003) . In contrast, other contributions are much smaller than those for precipitation and dislocation hardening, and hence a linear summation for the total hardening contribution to the yield stress is appropriate (Brown et al., 1971; Hornbogen & Starke, 1993) . The yield strength should be given by (Starink & Wang, 2003) :
where Δσ gb is the stress increment due to the grain boundaries, M is an orientation factor (often termed the Taylor factor) which is related to texture and the orientation of the tensile axis relative to the main axes of the worked specimen, and τ tot is the critical resolved shear stress (CRSS) of the grains, which is given by:
Published in: Journal of Microscopy, 217 (2005) 174-178 The various contributions to the CRSS are defined in Table 1 . To obtain the individual CRSS, analytical expressions based on the literature are used the vollowing considerations.
The increment in CRSS due to solid solution strengthening, Δτ ss , is described by
where k j are the factors describing the strengthening due to the individual elements, and c j are the concentrations of the alloying elements in solid solution. n is a constant for which different values have been suggested. For example, n = ½ by Foreman and Makin (1966) , n = 1 by Ruf & Koss (1974) , and n = 2/3 by Shercliff and Ashby (1990) have been applied. In attempting to maximize predictive accuracy, the optimum value of n was determined by comparison with experimental data in the ASM handbook (Davis, 1993 Starink & Yan, 2003) .
The Hall-Petch equation is normally used to describe the stress increment due to the grain size:
where d is the grain size, k is a constant for a given material and is given by the following equation (Hull & Bacon 1984) :
where G is the shear modulus of Al, b is the Burgers vector, τ * is a critical shear stress in annealed polycrystals. Grain boundary strengthening is very small, and a sufficiently accurate description is obtained by substituting τ * with (Δτ 0 + Δτ ss ). Due to the very limited contribution of grain boundary strengthening, the potential influence of subgrains and elongation of grains is very limited. Hence, in this work, we will not consider the details of subgrain structure, cell structure and grain shapes that can be observed in Fig. 1 .
The increment for work hardening in non-heat treatable alloys is due to the increased dislocation density (Roters et al., 2000) . The relationship between the increment Δτ D and the total dislocation density ρ can be written as follows:
where α is a constant, about 0.3 (Ashby, 1970; Nord-Varhaug et al., 2000) . The present alloy was not artificially aged and there is no precipitation strengthening. Therefore, the yield stress is given by:
Results and discussion
The typical (sub-)grain boundary maps from EBSD analysis for three specimens cold rolled to 10, 40
and 90% reductions are presented in {011}<211>. Fig. 2d shows the schematic {111} pole figure of these three different texture components.
As all the crystal orientations for individual grain are recorded in the EBSD data, it is possible to determine the Taylor factor in any tensile axis using the simplified Bishop and Hill (1951) To validate the dislocation densities by the present model, TEM work has been carried out. Dark-field images have been recorded for specimens of 10% and 40% reductions (Fig. 3) . Since a dislocation is a line defect, this is defined as the total length of dislocation per unit volume. Equivalently, it is the number of dislocation lines intersecting a unit area. Dislocation densities were calculated by measuring number of dislocations divided by the intersecting length and the foil thickness. Several approaches to determine the thickness of TEM foils have been discussed by Williams and Carter (1996) . Among them two approaches are relatively more widely used: one utilises the Kossel-Mollenstedt fringes in convergent beam electron diffraction (CBED) pattern and the second uses thickness fringes.
Unfortunately, both fringes cannot be distinguished due to the lattice distortion resulting from the (Hutchinson, 1970) , however, shows that 3 or 4 slip systems rather than 5 occur in fcc polycrystals such as aluminium, with a corresponding M of about 2.6 (Starink and Wang, 2003) . Column 5 in Table 2 shows the estimated dislocation densities by taking the average of the cases where three and four systems are active. Even though the dislocation densities determined by the model are somewhat higher than by TEM, which could be due to some dislocations escaping from the foils during the foil preparation or some dislocations being out of contrast, the two determinations correspond fairly well.
For very large deformation, such as 90% cold rolling reduction in this study, however, it is impossible to measure the dislocation density in the TEM because dislocation densities are so high and lattice deformation so severe that individual dislocations are no longer distinguishable, see Fig. 3c . In contrast, with the model it is possible to derive a dislocation density that appears quite realistic (Fig. 4) .
These results indicate that from the perspective of achieving accurate strength models for heavily cold worked alloys, the determination of dislocation densities will be a limiting factor for the accuracy of the model, with for very high reductions (higher than about 50%) direct dislocation counting by TEM being near to impossible. From the perspective of using reliable strength models in conjunction with yield strength measurement and EBSD determination of M factors as an indirect method for dislocation density determination, we found a good correspondence with direct dislocation density determination by TEM for medium cold rolling reductions. Thus this indirect method of determination of average dislocation density is promising and further validation experiments are planned.
Published in: Journal of Microscopy, 217 (2005) 174-178 It may be argued that dislocation density can be calculated by a given average value of orientation factor (for example, 3.06 for Taylor and 2.6 for the self-consistent model) rather than through the procedure using texture measurement followed here. However, a large deviation could result. 
